Germination of embryonic axes from dormant grain is inhibited by low concentrations of abscisic acid (ABA) compared with axes from nondormant grain. Incubation of dormant grain axes in 0.05 to 50 micromolar ABA caused the prolonged synthesis of a set of heat-stable proteins. Two of these proteins were identified as dehydrins. In nondormant grain axes, 100-to 1000-fold greater ABA concentrations were required to produce similar results.
Although the mechanisms involved in inducing and maintaining seed dormancy are not yet known, it has been shown that the plant hormone ABA is required for the development of dormant seeds. Mutant plants incapable of synthesizing or responding to ABA during seed development produce seeds which lack dormancy. ABA-deficient mutants ofArabidopsis, tomato, potato, and corn yield seeds which lack dormancy or exhibit precocious germination (9, 16) . Research with ABAdeficient mutants in Arabidopsis has shown that induction of seed dormancy requires the presence of ABA in the embryo, and that seed dormancy is not induced by maternal ABA or by exogenous application of ABA (9, 10) . Dormancy in mature seeds is not simply due to higher ABA levels, as ABA levels have not always been found to correlate with degree of dormancy (2) . We have found previously that ABA levels are similar in embryos, as well as whole seeds, of dormant and nondormant grain (19, 20) . Embryos from dormant grain are highly responsive to applied ABA (12, 19, 20 (19, 20) . These differences in responsiveness to ABA, even when initial ABA levels are identical in the mature embryo, have led us in the work reported in this paper to determine if ABA affects protein synthesis and accumulation differently in embryonic axes of dormant and nondormant grain.
Specific proteins have been reported to be synthesized in response to endogenous ABA increases both in developing embryos and in water-stressed plants. When immature embryos ofwheat and barley are isolated from seeds and cultured, the embryos will germinate rapidly unless ABA is added to the medium (17, 18) . The culture of immature embryos in ABA blocks embryonic germination and stimulates the production of late embryogenesis abundant (LEA2) proteins (5) . In wheat, the Em protein is a LEA protein which is produced as ABA levels peak during seed development (17) . Em protein and its mRNA can also be induced in mature embryos and seedling tissue by the exogenous application of ABA (1, 22) .
Dehydration-inducible proteins (dehydrins) have been identified in barley and corn (4) . Dehydrins and their corresponding mRNAs have been characterized (4) and found to be ABA responsive. This class of proteins can be induced by application ofABA to barley aleurone tissue or by water stress of cereal leaves (3, 4) . Other ABA-responsive mRNAs and proteins have been reported to be produced during embryogenesis as well as in response to plant stress. In rice, the ABAresponsive Rab2J gene can also be induced by treatment with NaCl (15) . A 15 kD ABA-responsive protein in corn is induced by water stress of leaves or by tissue wounding (6) . The barley a-amylase inhibitor is induced by either ABA or water stress (14, 18) . This ABA-responsive protein inhibits the high pI a-amylase of barley and may be capable of reducing amylase activity in imbibed seeds. The amylase inhibitor is also a bacterial protease inhibitor.
Many of these ABA-responsive proteins possess unique biochemical properties which may protect cells during periods of limited growth or environmental stress. Dehydrins and many of the LEA proteins are hydrophilic (4, 5) and heat stable (4, 7) .
2Abbreviations: LEA, late embryogenesis abundant; BCIP, 5-chloro-4-bromo-3-indolyl-phosphate; FW, fresh weight.
In this paper we report the examination of new protein synthesis when axes from dormant and nondormant wheat grains are imbibed in varying concentrations of ABA. We have focused our research on the heat-stable protein fraction which is highly enriched in ABA-responsive proteins.
MATERIALS AND METHODS

Plant Material
Wheat (Triticum aestivum L. cv Brevor) was utilized. The nondormant seedlot was grown in a field plot on the Spillman Agronomy Farm located near Pullman, Washington in 1986 and after-ripened at ambient temperature for 2 
Extraction of Heat-Stable Proteins
Axes stored in microfuge tubes were removed from the -20°C freezer, frozen in liquid N2, allowed to thaw and then briefly hand homogenized (30 s) in the microfuge tube with a rounded stainless steel rod. Twenty uL of ice-cold extraction buffer (15 mM Tris-HCl, pH 7.0, containing 20 ,uM leupeptin) were added for each homogenized axis. The extract was spun for 10 min at 4°C in a microfuge. The supernatant was removed, incubated at 75°C for 10 min, and centrifuged again for 10 min at 4°C. The second supernatant, identified as the heat-stable fraction, was collected and stored at -20°C.
ABA Extraction and ELISA
ABA was extracted from the axes incubated on sucroseagar as described above. After incubation, these axes were divided into three replicate groups of 12 to 17 axes. The replicate samples were each homogenized as described above in microfuge tubes. Homogenized axes were transferred to 15 mL polypropylene tubes (Falcon No. 2059). Three mL of a methanol solution (19) were used to rinse the microfuge tube and to transfer any remaining axes material into the 15 mL tubes. Additional methanol solution was added to a final volume of 5.0 mL and the extracts were stirred with magnetic stirbars overnight at 4°C in the dark. Extracts were centrifuged for 10 min and the resulting supernatants were dried in a Speed Vac Concentrator (Savant, Farmingdale, NY). ABA content of the samples was measured by indirect ELISA utilizing a monoclonal antibody for (+)ABA (19) .
SDS-PAGE and Westem Immunodetection
Protein samples were analyzed by SDS-PAGE (11) . 35S-labeled proteins were electrophoresed through a 12.5% (w/v), 11 cm long gel using a Hoeffer SE 600 apparatus. Protein from the equivalent of one axis was loaded in each lane. After electrophoresis gels were Coomassie stained, treated with Enhance (Dupont) according to manufacturer's directions, and the labeled proteins were visualized by fluorography. 35S-labeled proteins were quantified utilizing the Ambis radioanalytic imaging system (Ambis Systems, San Diego, CA). Molecular weights were calculated using prestained or unstained mol wt markers (Bio-Rad).
For immunodetection by Western blotting, samples were electrophoresed through a 5 cm long, 12 .5% (w/v) SDSpolyacrylamide gel in a LKB midget apparatus. The proteins were electroblotted from the gel onto a nitrocellulose membrane (Bio-Rad) in a solution of 6 .25 mm Tris base, 180 mM glycine and 20% (v/v) methanol for 4 h at 0.5 amp with cooling. The membrane was air dried and treated as previously described (23) except that the blocking of nonspecific binding was carried out for 16 h at 4°C. Incubation with the primary antibody was for 4 h and the secondary antibody was goat anti-rabbit immunoglobulin G alkaline phosphatase conjugate (Sigma, A-7539) diluted 1/1000. The protein that crossreacted with the antibody was detected by placing the membrane protein-side down onto a layer of agarose containing BCIP followed by incubation at room temperature for 6 to 20 h. After sufficient color development, the membrane was removed from the agarose, rinsed several times in distilled water and air dried. The agarose containing BCIP was made by dissolving 1 g of agarose in 100 mL of a solution of 100 mM Tris-HCl (pH 8.3), 1 mM MgCl2, cooled to 50'C, and then adding 50 mg BCIP (toluidine salt, Sigma); the BCIP was dissolved in a few drops of DMSO, and added dropwise while swirling the solution. The BCIP-agarose was then poured onto a preheated glass plate and allowed to cool prior to applying the membrane. The cast BCIP-agarose could be stored at 40C for several weeks.
Polyclonal antibodies to corn dehydrin was provided by Dr. Peter M. Chandler, CSIRO, Division of Plant Industry, Canberra, ACT, Australia. Antibodies to wheat Em protein was provided by Dr. Ralph S. Quatrano, Department of Biology, University of North Carolina, Chapel Hill, NC.
RESULTS
ABA Effects on Germination of Axes from Dormant and Nondormant Grain
Responsiveness of embryonic axes to ABA was determined by incubating axes on sucrose-agar containing varying concentrations of ABA and observing the inhibitory effects of ABA on germination of embryos for 28 h (Fig. 1 labeling techniques. In vivo labeling ofproteins was quantified using a radioanalytic imaging system following SDS-PAGE of buffer extracted proteins. Total incorporation of [35S]methionine, as well as the patterns of the radiolabeled proteins, were nearly identical for the two types of axes (data not shown).
Large differences between the two seedlots in the patterns of the radiolabeled proteins were observed when heat-stable proteins were examined specifically ( Fig. 2A) . These proteins comprised 15 to 20% ofthe newly synthesized soluble proteins in the imbibed wheat axes as quantified by radioimaging. Axes from dormant grain synthesized heat-stable proteins ( Fig. 2A) even when incubated in ABA concentrations as low as 0.05 gM. A wide range of heat-stable polypeptides were synthesized in response to ABA, ranging from 18 to over 100 kD. The prominent molecular masses were 19, 22, 26, 33, 38, 42, 46, and 105 kD. Similar patterns of radiolabeled proteins were induced in axes from nondormant grains only if ABA concentrations were 10-to 100-fold higher. The 10-to 100-fold higher ABA levels required for heat-stable protein syn-thesis in axes from nondormant grains were similar to the ABA levels required to block axes germination (Fig. 1) .
The in vivo labeling experiments presented in Figure 2A show differences between axes from the two seedlots in the synthesis of ABA-responsive, heat-stable proteins, but cannot show if there are differences in ABA-responsive protein levels. To examine protein levels, we utilized polyclonal antibodies to dehydrins (4), which are heat stable, ABA-responsive proteins. The antibodies were prepared to corn dehydrin (25 kD) but can cross-react with barley and wheat dehydrins (4, 21) . The antibodies detect two proteins around 28 kD in wheat embryonic axes (21) .
Large differences were observed between the axes of the two seedlots in levels of the dehydrin proteins. Axes from dormant grain accumulated the dehydrin proteins even when incubated in ABA concentrations as low as 0.05 AM (Fig. 2B ).
Incubation in a 1000-fold higher ABA concentration was required for accumulation of similar levels of dehydrin proteins in axes from nondormant grain.
Endogenous ABA Levels in Imbibed Embryonic Axes
The results described above indicate that axes from dormant grain are more responsive to exogenous ABA than nondormant grain axes. To compare these results with endogenous ABA levels, axes from the two seedlots were incubated under optimum conditions with no ABA added. Germinability and endogenous ABA levels of the embryonic axes were determined by isolating intact axes from the mature, dry grains and incubating them on sucrose-agar (Fig. 3) . As with the whole grains, axes from nondormant grain germinated rapidly with root initials beginning to elongate by 8 to 12 h and root growth of several mm by 28 h. Embryonic axes from the dormant grain germinated more slowly. The root initials began to elongate by 18 to 28 h and root growth did not equal the axes from nondormant grain for over 65 h (data not shown).
ABA levels of the axes were measured throughout the 28 h incubation (Fig. 4) . By 30 min, the axes were fully imbibed and the ABA concentration in both types of axes was about 125 pg/mg-FW. At 4 h incubation differences in ABA concentrations were evident. ABA in axes derived from dormant grain showed a 2.5-fold increase to 300 pg/mg-FW while axes from nondormant grain showed little if any increase. At 8 h, the ABA concentration dropped to 150 pg/mg-FW in dormant grain axes and to 100 pg/mg-FW in nondormant grain axes. The ABA concentration in both types of axes continued to drop for the remaining time points with the ABA concentration in the axes from dormant grain always slightly higher. It is interesting to note that when the ABA concentration dropped below 100 pg/mg-FW, signs of germination were observed (Fig. 3) . This ABA concentration is equivalent to 0.45 ,M assuming that ABA is uniformly distributed in the cells.
ABA-Responsive, Heat-Stable Proteins Are Synthesized and Maintained Longer in Imbibed Axes from Dormant Grain
Synthesis of heat-stable proteins was examined during the first 28 h of axes incubation (Fig. 5A) . By 4 h a few heatstable proteins were synthesized in both types of axes and the most prominent protein had a molecular mass of 10 to 12 kD. By 8 h many heat-stable proteins were being synthesized in both types of axes with additional proteins synthesized by the axes from dormant grains. At Immunodetection of the dehydrins in the axes demonstrated that these ABA-responsive, heat-stable proteins were initially present in both types of axes (Fig. 5B) . However, these proteins were substantially degraded by 12 h in axes from nondormant grain, but maintained until 18 h in axes from dormant grain. A comparison ofCoomassie blue-stained gels revealed that many other heat-stable proteins displayed this differential degradation (data not shown).
Immunodetection of another ABA-responsive protein these ABA-responsive proteins are already present in the embryos of mature dry grain, and that added ABA maintains these protein levels in imbibed, non-germinating tissue. Levels of these proteins decline rapidly in germinating tissue. As in protein synthesis, lower ABA levels are required to maintain the levels of these proteins in embryos from dormant as compared with nondormant grains. A similar maintenance of heat-stable proteins present in mature barley aleurone tissue by ABA in hydrated tissue has been described (7) .
ABA action in imbibed dormant tissue produces a distinct pattern of gene expression resulting in the active production of heat-stable proteins. ABA effects on protein levels may include both the stimulation of synthesis of specific proteins as well as prevention of their degradation. Although our results indicate a correlation between ABA-inhibition of embryonic germination and synthesis of heat-stable proteins, we have not proven that those heat-stable proteins are the cause for limiting germination.
Higher endogenous ABA levels were only measured in dormant grain axes after 4 h postimbibition in water (Fig. 4) . Before imbibition, ABA levels were similar in isolated embryos, as well as whole grain, of mature dry dormant and nondormant grain (19, 20) . At 4 h postimbibition endogenous ABA increased by a factor of 2.5 in only the dormant grain embryonic axes. ABA levels subsequently declined in axes from dormant and nondormant seedlots, but were consistently higher in the dormant grain axes. Our results suggest that dormant grain axes may be distinguished from nondormant by their capability to produce new ABA during the first hours after imbibition.
Previously we have also shown that endogenous ABA levels in mature grains can be altered. Endogenous embryonic ABA levels can more than double when whole wheat grains (cv Brevor) are imbibed and subsequently dried (21) . A larger increase was found in a cultivar tending to produce dormant grains compared with nondormant grains. Such grain wetting and drying could certainly take place under field conditions during variable weather. These increases in endogenous ABA following grain wetting and drying could more effectively limit germination in dormant grains compared with nondormant.
We are interested in characterizing the mRNAs corresponding to these ABA-responsive proteins. Specifically, we plan to determine the levels of these mRNAs during seed maturation as dormancy is developed and to establish whether or not mature seeds with a high degree of dormancy have higher levels of these mRNAs than nondormant seeds. We are currently investigating these ABA-responsive proteins and their corresponding mRNAs as possible biochemical markers for seed dormancy.
